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ABSTRACT

With about 125,000 terawatts of solar power striking the earth at any given moment, solar energy may be the only 
renewable energy resource with enough capacity to meet a major portion of our future energy needs.  Thin-fi lm 
technologies and solution deposition processes seek to reduce manufacturing costs in order to compete with 
conventional coal-based electricity.  Inkjet printing, as a derivative of the direct-write process, offers the potential 
for low-cost, material-effi cient deposition of the metals for photovoltaic contacts.  Advances in contact metallizations 
are important because they can be employed on existing silicon technology and in future-generation devices.  We 
report on the atmospheric, non-contact deposition of nickel (Ni) and silver (Ag) metal patterns on glass, Si, and ZnO 
substrates at 180–220°C from metal-organic precursor inks using a Dimatix inkjet printer.  Near-bulk conductivity Ag 
contacts were successfully printed up to 4.5 μm thick and 130 μm wide on the silicon nitride antirefl ective coating 
of silicon solar cells.  Thin, high-resolution Ni adhesion-layer lines were printed on glass and zinc oxide at 80 μm 
wide and 55 nm thick with a conductivity two orders of magnitude less than the bulk metal.  Additionally, the ability 
to print multi-layered metallizations (Ag on Ni) on transparent conducting oxides was demonstrated and is promising 
for contacts in copper-indium-diselenide (CIS) solar cells.  Future work will focus on further improving resolution, 
printing full contact devices, and investigating copper inks as a low-cost replacement for Ag contacts.

INTRODUCTION

With about 125,000 terawatts of solar power striking the 
earth at any given moment, solar energy may be the only renewable 
energy resource with enough capacity to meet a major portion of 
our future energy needs [1].  However, the key issue is cost.  In 
order to compete with conventionally coal-based electricity, the U.S. 
Department of Energy’s Solar America Initiative seeks to drive down 
the price of solar electricity to less than $0.10 per kWh by 2015.  
Second-generation solar cells seek to reduce manufacturing costs 
through thin-fi lm technology, process optimization, and minimizing 
material usage.  In these devices, liquid precursor deposition methods 
(including spin coating, spray deposition, and inkjet printing) are 
attractive because the equipment required is simple and inexpensive, 
the methods are scalable to large substrate sizes, and they are carried 
out under atmospheric conditions.  Inkjet printing, as a derivative 
of direct-write processing, offers further advantages including high 
material usage effi ciency, non-contact processing for use with fragile 
thin-fi lm substrates, and the elimination of photolithography [2].

Inkjet printing is quickly becoming an alternative to existing 
deposition methods and has wide-range potential in both inorganic 
and organic photovoltaic and electronic materials.  With the 
appropriate inks, all the features of a solar cell, including the 
absorber, dopants, transparent conductor, and front and rear metal 
contacts, could be sprayed or directly printed.  Advances in contact 
metallizations are important because they can be employed on 
existing silicon technology and in future-generation devices.  As 
such, the initial thrust and focus of this paper is on the materials 
used for front metal contacts.  At present, inkjets are capable of line 
resolutions less than 20 µm, which is two to four times better than 
the current method of screen printing [3].  High resolution (narrower 
contact lines) means more absorber material is exposed to sunlight 
and thus higher conversion effi ciency can be obtained.  Additionally, 
unlike screen printing, direct-write is a no-waste approach, which 
is both environmentally- and cost-friendly.

The ink consists of two major components:  the appropriate 
precursor and the carrier (an organic solvent).  The precursor 
is the compound that decomposes into the desired material or 
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metal.  Additionally, the content of the ink can be easily tailored 
by addition of binders, adhesion promoters, surfactants, reducing 
agents, and dopants.  Composition is important because it infl uences 
the way in which the ink is jetted and adheres to the substrate, 
the profi le and resolution of the line, and the material/metal 
formation.  The ink is printed onto a heated substrate in the desired 
pattern.  At the appropriate temperature, the metallic fi lm forms 
following decomposition of the precursor and evaporation of the 
solvent.  Byproducts of decomposition leave as gases, resulting in 
contaminant-free fi lms.

Inkjet printing allows for multilayer structures and thus is 
well-suited for contact layers, which are often multicomponent.  
Silver (Ag) is primarily used as the contact metal because of its high 
conductivity.  Ideally, less expensive copper (Cu) would replace Ag as 
the contact.  The printing approach for these contacts is dependent 
on the surface material.  As such, surface modifying agents and 
adhesion inks have been developed to improve contact formation 
and surface adhesion.  For example, silicon (Si) cells are coated with 
an anti-refl ective (AR) layer of silicon nitride.  The Ag contact can 
be printed onto a previously printed layer of fi re-through ink, which 
when heated etches through the AR coating to expose the Si to the 
contact [4].  In next-generation copper-indium-diselenide (CIS) 
cells, the top layer is a transparent conducting oxide (TCO), which 
acts as both a conductor and a window to allow light to pass through 
to the absorbing layer.  For these devices, a thin layer of nickel (Ni) is 
fi rst applied to the TCO to create good adhesion between the TCO 
and contact.  A typical CIS structure is depicted in Figure 1.  Ag 
diffusion into the absorber layer can detrimentally affect effi ciency, 
particularly for CIS.  Therefore, in addition to acting as an adhesion 
layer, the Ni serves the essential role of a diffusion barrier [5].

We report on the inkjet printing of the Ag contact and Ni 
adhesion layer from proprietary inks developed at the National 
Renewable Energy Laboratory (NREL).  Inkjet printing was chosen 

over spray deposition because it is spatially selective and drop-on-
demand, which is ideal for depositing contact grid patterns.  The 
specifi c goals of this research were to optimize printing parameters 
and ink formulations to achieve highly conductive lines with 
good adhesion and high resolution.  For the Ni adhesion layer, 
the target was to make each line as thin and narrow as possible 
while maintaining uniformity (no breaks, beading, or large profi le 
variations).  For the Ag contact layer, the target was a thicker (10 µm), 
narrow line with near bulk-material conductivity.  The supporting 
Ni layer would ideally govern the Ag line width and profi le. 

MATERIALS AND METHODS

Inkjet System.  Printing was performed using a Dimatix 
Materials Printer (Fujifi lm Dimatix, Santa Clara, CA), as shown 
in Figure 2.  The ink cartridge contains a piezoelectric material 
behind each ink nozzle.  When a voltage is applied to the material, it 
changes shape, which results in a pressure pulse that forces a droplet 
of ink out of the nozzle.  The cartridge consists of 16 nozzles with 
10-picoliter drop volume.  The Dimatix system consists of a print 
head positioned above a heatable platen on a moving stage.  A 
programmable hotplate was constructed and mounted to the platen 
to provide a wider range of substrate temperatures (up to 400°C).  
The user has control over several parameters to optimize printing, 
including ink and substrate temperature, individual jet fi ring voltage 
(to tune drop velocity), fi ring frequency, and drop spacing.

Inks.  Metallization inks consisted of the precursor and additives 
dissolved in organic solvents (NREL proprietary compositions).  Inks 
were fi ltered through a 0.2 µm syringe fi lter to remove particulates 
that would clog the nozzles and stored in their respective cartridges 
at room temperature.  The Ni ink was stable for several months.  The 
Ag ink was stored away from light to avoid decomposition, and the 
cartridge was covered with aluminum foil to avoid exposure to light 
during printing.  The Ag ink began to discolor, indicating gradual 
decomposition, after a couple of weeks.

General Procedures.  The Ni ink was printed over a substrate 
temperature range of 140 to 180°C, over a drop spacing range of 
10 to 50 µm, and from 1 to 10 layers.  Two printing approaches 

Figure 1. Schematic cross-sectional view of a substrate confi guration 
device.

Figure 2. Dimatix Materials Printer inkjet system.
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were explored.  The Ni Wet Print approach consists of printing a 
wet line at 140°C, and after printing, increasing to 180°C to induce 
decomposition and solvent evaporation.  The Ni Hot Print approach 
involves printing the line at suffi cient temperature (180°C) to 
simultaneously produce decomposition and evaporation as printing 
occurs.  Glass microscope slides and thin fi lms of ZnO on glass were 
used as substrates.  The Ag ink was test printed between 155 and 
220°C, over a drop spacing range of 20 to 70 µm, and from 1 to 200 
layers.  The ink was printed on four separate surfaces: (a) glass slides, 
(b) Ni printed lines, (c) 0.125 mm thick Ni foil, and (d) the silicon 
nitride AR coated side of Evergreen Solar silicon string ribbon.

Two printing patterns were used.  Initial studies were performed 
on a pattern consisting of fi ve lines with increasing incremental 
widths of 20 µm.  The second pattern was used to test device features, 
consisting of single-drop-row lines for fi ne resolution tests and wider 
lines with square pads at the ends for performing conductivity 
measurements (Figure 3).

Substrate surface temperature was monitored with a type-J 
thermocouple thermometer prior to printing.  Line thickness, 
width, and cross-sectional area were measured using a Dektak 8 
profi lometer.  A Nikon Eclipse LV 100 camera equipped microscope 
was used to image lines and assess line quality.  X-ray diffraction 
(XRD) studies were performed on a Bruker AXS D8 Discovery 
System.  Resistivity, calculated using the equation below, was 
determined by using a four-point probe microscope station to 
measure voltage (V) and current (I).

RESULTS

Four layers of Ni ink were printed on glass using the fi ve-line 
pattern to observe changes in line profi le as a function of drop 
spacing.  Drop spacing was varied in 5-µm increments from 10 to 
50 µm.  The average line width and thickness of Hot and Wet printed 
Ni ink at the determined optimal drop spacing of 30 µm was plotted 
in Figure 4.  Using this drop spacing and the Hot Print approach, 
Ni was printed from 1 to 10 layers using the device pattern.  The 
average width and thickness of these single-drop-row lines on glass 
was plotted in Figure 5A as a function of the number of layers 

printed.  For the line profi le data, width refers to the resolution 
(narrowness) of the line, and thickness refers to line height.  Line 
width and thickness measurements from the fi ve-line pattern are 
averages of profi lometry readings at two points per line.  Device 
pattern data with single-drop-row lines represent the average of six 
measurements, two per line over three lines to test variation within 
a line and reproducibility of lines.  Microscope images of Ni contact 
pad lines Hot printed on glass and ZnO are provided in Figure 6.

Ag was printed from 1 to 200 layers using the device pattern 
on AR coated Si ribbon at 215°C with an optimized 35-µm drop 
spacing and an initial ink temperature of 45°C.  The average width 
and thickness of the single-drop-row lines was plotted in Figure 

Figure 3. Device pattern consisting of 2 lines with contact pads and 3 
single-drop-row lines.

Figure 4. Line width (red) and thickness (blue) of Hot and Wet printed 
Ni ink at optimized 30-μm drop spacing. Single-drop-row lines printed 
on glass (4 layers).

Figure 5. Line width (red) and thickness (blue) of single-drop-row lines 
of optimized Ni Hot Print on glass (A) and Ag on AR coated Si ribbon 
(B) as a function of the number of layers.
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Figure 6. Micrographs of Hot printed Ni contact pad pattern on glass (A) and ZnO (B).

5B as a function of the number of layers printed.  Figure 7 shows 
high-resolution Ag lines printed on glass, on inkjet printed Ni lines, 
on Ni foil, and on AR coated Si ribbon.  The Ag ink was initially 
printed on glass to fi nd the optimum drop spacing.  Single rows of 
individual 50-µm wide Ag drops on glass at 45-µm drop spacing, 
just prior to line formation, is shown in Figure 7A.  In Figure 7B, 
the fi ne line demonstrates that Ag can be printed on top of printed 
Ni lines.  The wider lines are printed offset to show the Ag and Ni 
lines stacked.

The X-ray diffraction (XRD) patterns of the spray-printed inks 
for Ni, Ag, and Cu are depicted in Figure 8.  The resulting metal 
coatings are consistent with the expected intensities and scattering 
angles (given by two-theta) for the pure, bulk material (included in 
the fi gure for comparison).  Resistivities for the optimized Ni and 
Ag printed as a function of the number of layers are represented in 
Figure 9.  The target resistivities of the pure, bulk material for Ni 
and Ag are 7.12x10-6 Ω · cm and 1.59x10-6 Ω · cm respectively [6]. 
Measurements were based on Ni and Ag printed using the contact pad 
pattern on glass and AR coated Si substrates respectively.  The Si was 
assumed not to interfere with the resistivity measurements because 
the silicon nitride AR coating is a good electrical insulator.

DISCUSSION AND CONCLUSIONS

Inkjet temperature trials for the Ni ink revealed two potential 
avenues, referred to as the Wet and Hot Print approaches.  At 140°C, 
the lines printed clear and were still wet.  They only decomposed 
into black lines after secondary heating.  From 150 to 170°C, the 
lines printed black but were still wet, suggesting that decomposition 
occurred without solvent evaporation.  Poor quality lines that tended 
to bead and bubble were produced when the solvent was evaporated 
via secondary heating.  Thus, this range was not pursued.  At 180°C, 
dry, decomposed lines formed on contact with the heated substrate.  
No secondary heating was required.  Above this temperature, lines 
tended to bubble due to the rapid evaporation of the solvent.  The 
temperatures used for the Ni Wet and Hot Print experiments were 

selected with these results in mind.  Generally, the Hot Print was the 
preferred route since it is a simpler, single-step process.  Likewise, 
diffi culty in controlling the rate of the secondary heating for the 
Wet Print resulted in bubbling and line breaks.

Drop spacing was a critical parameter in the printing process 
because it affected line formation.  At larger drop spacings (exceeding 
40-µm for Ni), individual drops formed.  As the drop spacing was 
decreased, more drops and thus material was used to create a line, 
which affected line thickness and width.  It was crucial to fi nd the 
spacing that used the least material and at which drops still merged 
to form a uniform line.  From the experiments, the optimal drop 
spacing was determined to be 30 µm, at which a key difference 
between the two printing approaches was revealed.  The thickness 
of the Hot Print remained unaffected by the number of rows printed 
next to each other while the Wet Print thickness increased (Figure 4).  
Ideally, one controls width only by printing more rows and controls 
thickness only by printing more layers.

The Ni Hot Print at 30-µm drop spacing was the superior 
approach because it was one-step, consistently produced continuous 
lines, and had more degrees of control.  Hot Print Ni line width was 
only dependent on the number of rows printed and independent of 
the number of layers printed (Figure 5A).  Line thickness was only 
dependent on the number of layers and behaved linearly, each layer 
adding ~50 nm of material (Figure 5A).  Likewise, it met the desired 
features for Ni, with a width of 80 µm and thickness of 55 nm at 1 
layer.  The profi le was consistent within each line and reproducible 
between lines.  Figure 6 demonstrates the line quality and resolution 
control of features achieved on glass and ZnO.  Printing parameters 
on ZnO were the same as on glass.  Results on ZnO are promising 
for printing on the TCO layer in a CIS cell.

Wetting, the amount a drop spreads out on a substrate, was 
a critical parameter for printing Ag.  Various wetting situations 
are illustrated in Figure 10.  Initial experiments varying the drop 
spacing on glass revealed that individual drops formed at 45-µm 
(Figure 7A) and pairs of drops merged at 40-µm into larger drops.  
The fact that drops of ink only beaded into larger drops instead of 
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Figure 7. Micrographs of individual 50-μm wide Ag drops on glass at 45-μm drop spacing (A), Ag lines printed on top of printed Ni lines (B) and Ni 
foil (C), and Ag lines on AR coated Si ribbon (D).

Figure 8. X-ray diffraction patterns of printed ink metals.
Figure 9. Resistivity of Hot print Ni (A) and Ag (B) as a function of the 
number of layers.
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spreading to form a line indicated there was a problem with the Ag 
ink wetting on glass.  Thus, Ni and Si were explored as substrates 
to observe wetting effects on materials specifi c for solar cell devices.  
Increasing the initial ink temperature by just 10°C to 45°C decreased 
ink viscosity, resulting in better wetting and line formation on these 
materials (at 35-µm drop spacing).  Figure 7B shows that Ag can be 
printed on top of printed Ni lines.  On Ni foil (Figure 7C), a smaller 
drop spacing (23-µm) was required to produce a single-layer line, 
although 30-µm printed well after 4 layers.  Figure 7D shows lines 
form well on the AR coated Si ribbon.  Results are promising for 
printing on the Ni layer in a CIS cell and on Si solar cells.

Ag on AR coated Si printed at a line width of ~125 µm and 
was unaffected by the number of layers printed (Figure 5B).  Line 
thickness reached half its target at ~200 layers (4.5 µm).  It should be 
noted that the Ag ink used was a week old and gray in the cartridge, 
suggesting some of the ink decomposed and that the ink printed 
had a lower-than-prepared precursor concentration.  While the older 
ink still printed well, fresh ink would require fewer layers to achieve 
the thicknesses reported.

Metallic lines printed from the inks were consistent with the 
pure material and had no detectable traces of carbon or oxide 
contaminates, as confi rmed by XRD (Figure 8).  It was noted that, 
in addition to the purity of the metal deposited, resistivity was 
affected by the profi le of the line.  Narrow and thin features in 
the line limit the fl ow of electrons through them like a bottleneck.  
Therefore, uniformity in the line was an important criterion in 
printing contacts.  Resistivity of the Ni lines decreased as more 
layers were printing, leveling off at ~1.7x10-4 Ω · cm at 10 layers 
(Figure 9A).  While the value is two orders of magnitude greater 
than bulk Ni, the resistivity requirement of the Ni layer is relaxed 
since it only serves as an adhesion layer.  Electrons only need to 
fl ow through the thin region of material to reach the primary Ag 
contact.  Low resistivity is more important for the Ag since electrons 
must fl ow through the length of the contact line, similar to a wire.  
Ag was printed with about twice bulk resistivity at ~3.4x10-6 Ω · 
cm above 100 layers (Figure 9B).  The Ag lines appeared white and 
not metallic.  However, it was highly conductive like its metallic 
counterpart.  Under certain conditions and treatment (proprietary), 
the white line transforms into a metallic appearance.  The identity 
of the white material and the cause of the transformation require 
further study.

In summary, we have developed atmospheric direct-write 
depositions of Ni and Ag metals.  Inkjet printing produced line 

resolutions and thicknesses comparable to current screen printing 
technologies.  Narrow (80 µm) and thin (55 nm) Ni lines were 
printed with a resistivity two orders magnitude more than bulk.  
Ag was successfully printed up to 4.5 µm thick and 125 µm wide 
with about twice bulk resistivity.  We have shown how ink based 
deposition can improve the contact processing via a non-contact 
approach.  Additionally, the ability to print on various substrates 
for photovoltaic applications was demonstrated on glass, AR coated 
Si, TCOs, and multi-layered metallizations.  Future work will focus 
on improving Ag resolution and Ni conductivity and on printing 
full contact devices (TCO-Ni-Ag/Cu and Si-BurnThrough-Ag).  
Printing Cu will be investigated as a low-cost replacement for Ag 
contacts.
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Figure 10. Wetting of different fl uids. (A) shows a drop with very high 
surface tension (and thus little wetting), while (B) shows a drop with 
very low surface tension (more wetting action).




